Patients with Chuvash polycythemia, (homozygosity for the R200W mutation in the von Hippel Lindau gene (VHL)), have elevated levels of hypoxia inducible factors HIF-1 and HIF-2, often become iron-deficient secondary to phlebotomy, and have elevated estimated pulmonary artery pressure by echocardiography. The objectives of this study were to provide a comprehensive echocardiographic assessment of cardiovascular physiology and to identify clinical, hematologic and cardiovascular risk factors for elevation of tricuspid regurgitation velocity in children and adults with Chuvash polycythemia.
Introduction
Chuvash polycythemia is a disorder that is endemic in the Chuvash region of Russia, although it is not limited to this geographical area. It is characterized by homozygosity for a 598C>T mutation of the von Hippel Lindau gene (VHL), which leads to an R200W substitution in VHL protein. 1 The VHL protein and prolyl hydroxylase domain proteins are critical to the oxygen-related regulation of cellular hypoxia inducible factor (HIF)-α subunit levels. VHL R200W protein has impaired interaction with HIF-1α and HIF-2α, 1 and this leads to increased levels of HIF-1 and HIF-2 under normoxic conditions, 2 as well as elevated concentrations of products of hypoxia-induced genes, such as serum vascular endothelial growth factor and endothelin-1. 3 The clinical features of Chuvash polycythemia include rubor, benign vertebral hemangiomas, varicose veins, lower systemic blood pressures, premature mortality related to cerebral vascular events, and peripheral thrombosis. 4 Pulmonary hypertension develops in individuals exposed to chronic hypoxia. 5 Data from cell lines and rodent models support the role of dysregulated HIF-1 and HIF-2 expression in the development of pulmonary hypertension. 6, 7 Pulmonary hypertension develops in a murine model of Chuvash polycythemia, and this finding seems to be related specifically to increased HIF-2 activity. 2 Furthermore, lateonset pulmonary arterial hypertension has been reported in association with polycythemia due to an activating HIF-2A mutation, 8 and hif2+/-mice are protected from pulmonary hypertension during chronic hypoxia. 9 In keeping with these observations, we observed that right ventricular systolic pressure as estimated by echocardiography 10 was higher in 14 adults with Chuvash polycythemia than in 14 controls. 3 Other investigators have documented elevated pulmonary artery pressure and other changes in pulmonary vascular physiology in 3 individuals with Chuvash polycythemia. 11 Iron is needed for the activity of proly hydroxylase domain proteins (PHDs), the principal negative regulators of HIF-α subunit levels. [12] [13] Therefore, iron deficiency could exacerbate the hypoxic response and its effects. It was recently reported that iron chelation promoted and iron infusion limited the increase in systolic pulmonary artery pressure resulting from exposure to acute hypoxia in 16 normal volunteers. 14 It has also been shown that iron depletion exacerbated the increase in systolic pulmonary artery pressure associated with high altitude hypoxia in 11 subjects and iron infusion ameliorated this increase in 22 subjects. 5 These observations pointed to the possibility that iron status may influence the expression of pulmonary hypertension in Chuvash polycythemia as well. Furthermore, iron deficiency is common in patients with idiopathic pulmonary hypertension [15] [16] [17] and pulmonary hypertension secondary to cyanotic congenital heart disease, 18 and is associated with reduced exercise capacity. [16] [17] Iron therapy improved exercise capacity in such patients. 18 Congenital polycythemia is a rare disorder that occurs sporadically around the world. It is remarkable to find a large group of affected individuals with a single genotype and a homogeneous ethnic and environmental background, as is found in Chuvashia. We therefore took the opportunity to study this unique population. The objectives of this study were: i) to assess differences in tricuspid regurgitation velocity and other cardiovascular parameters in a large group of children and adults with Chuvash polycythemia relative to control subjects; and ii) to identify clinical, hematologic and cardiovascular risk factors for elevation of tricuspid regurgitation velocity and potential implications for management.
Design and Methods

Study design
We conducted a cross-sectional observational study of children and adults with the diagnosis of familial polycythemia in the Chuvash Republic of the Russian Federation (elevation <230 m) and controls matched by age and sex to every fourth polycythemia subject. Written informed consent was obtained from or on behalf of each participant. This study was approved by the Institutional Review Boards of Children's National Medical Center, Howard University, and the National Institutes of Health,
Study participants
Subjects were not hospitalized and were at steady state (at least four weeks since last phlebotomy). History of smoking and phlebotomy therapy was recorded. Venous blood was drawn for complete blood count by an automated analyzer (Sysmex XT 2000i, Sysmex Corporation, Kobe, Hyogo, Japan) and genotyping for the Chuvash VHL mutation.
Echocardiograms
A pediatric (CS) and adult (VS) cardiologist blinded to the subject's classification interpreted pediatric and adult studies, respectively. Echocardiography was performed according to the guidelines of the American Society of Echocardiography. 19 For pediatric studies, diameters were compared to those of a large cohort of normal infants and children 20 and expressed as a standard deviation below or above the mean for body surface area (z-score). Continuous-wave Doppler of the peak tricuspid regurgitation velocity was used to estimate the right ventricular to right atrial pressure gradient with the use of the modified Bernoulli equation in patients with measurable tricuspid regurgitation velocity. 10;21 The absence of measurable tricuspid regurgitation velocity, which is found in normal practice in up to 1 in 3 patients, has no correlation with pulmonary artery pressure. 10 Left ventricular diastolic function was assessed by calculating the velocity ratios of the peak Doppler mitral inflow E wave to both the inflow A wave, [21] [22] and the tissue Doppler E wave at the basilar segments of the left ventricular free wall and interventricular septum. Blood pressure was measured once at the start of each echocardiogram in the supine position to provide accurate correlation with echocardiography data, according to the policy of our echocardiography laboratory.
Biological markers
Plasma interleukins-6, 8 and 10, tumor necrosis factor-α, interferon-g, basic fibroblastic growth factor, monocyte chemoattractant protein-1 (MCP-1), platelet-derived growth factor-BB (PDGF), CCL5 [chemokine (C-C motif) ligand 5], and vascular endothelial growth factor A (VEGF) were assayed using the Bio-Plex suspension array system (Bio-Rad, Hercules, CA, USA). 23 Serum erythropoietin (R&D Systems, Minneapolis, MN, USA; reference range 3.3-16.6 IU/L) and ferritin (Ramco Laboratories Inc., Stafford, TX, USA; reference range 20-300 ng/mL) were measured with enzyme immunoassays, and NT-proBNP with an electrochemiluminescence immunoassay (Roche Diagnostics GmbH, Mannheim, Germany). 
Statistical analysis
Results
VHL genotyping
A total of 123 Chuvash polycythemia subjects (26 aged 21 years or younger) and 35 controls (11 aged 21 years or younger) were enrolled. On genotyping, 120 of the subjects with a clinical diagnosis of Chuvash polycythemia proved to be VHL R200W homozygotes, one to be a VHL
R200W
heterozygote, and two to be VHL wild type. Thirty-one of the controls were genotyped to be VHL wild type and 4 to be VHL R200W heterozygotes. Only the 120 subjects with the diagnosis of Chuvash polycythemia who were VHL R200W homozygotes and 31 controls who were VHL wild type are included in this report.
Comparison of VHL R200W homozygotes and VHL wild-type controls
Demographics and clinical variables (Table 1)
The hemoglobin concentrations and serum erythropoietin concentrations were higher in the VHL R200W homozygotes than controls, while systolic blood pressures were lower (Table 1) in agreement with previously published data. 4;24 Phlebotomy had been performed in 73% of the VHL R200W homozygotes; 83% of adults and 29% of children and adolescents. Serum ferritin concentrations were lower in the VHL R200W homozygotes, consistent with the frequent history of phlebotomy. The geometric mean serum ferritin concentrations were below the lower limit of the reference range in both the pediatric and the adult VHL R200W homozygotes.
Echocardiographic variables (Table 2)
The tricuspid regurgitation velocity was measurable in 27 (87.1%) of the VHL wild-type controls and 82 (68.3%) of the VHL R200W homozygotes. No patients or control subjects were seen to have a dilated inferior vena cava. Among the VHL R200W homozygotes, the mean±SD hemoglobin concentration was 17.7±3.2 g/dL among those with a measurable tricuspid regurgitation velocity compared to 18.5±2.3 g/dL in those without a measurable tricuspid regurgitation velocity (P=0.16).
The tricuspid regurgitation velocity was higher in VHL R200W homozygotes than controls ( Table 2 ). Among combined adult and pediatric subjects, the mean ± SE ageadjusted tricuspid regurgitation velocity was 2.5±0.03 m/sec in 82 VHL R200W homozygotes compared to 2.3±0.05 m/sec in 27 controls (P=0.005), and this difference persisted after adjustment for gender and hemoglobin concentration (P=0.007). The tricuspid regurgitation velocity was greater than 3.0 m/sec in 8 (9.8%) of the VHL R200W homozygotes and no controls. A velocity of 3.0 m/sec is above the 95% confidence interval of values in the general population 25 and above the value recommended for further investigation in persons with dyspnea. 26 There was no significant difference in left ventricular shortening fraction, mitral valve E/A ratio and ratio of the mitral valve inflow Doppler to tissue Doppler E wave (E/Etdi) between VHL R200W homozygotes and control subjects, suggesting no alterations in left ventricular systolic or diastolic function. Left ventricular diastolic and left atrial diameters were higher in VHL R200W homozygotes, consistent with increased blood volume and flow. Among adult and pediatric subjects combined, the age-adjusted left ventricular internal diastolic diameter was 4 Potential predictors of higher tricuspid regurgitation velocity in VHL R200W homozygotes Figure 1 shows the univariate relationships of age, systolic blood pressure, pulse pressure, E/Etdi ratio, left atrial diameter, and E/A ratio with tricuspid regurgitation velocity. Increasing age, higher values for systemic systolic blood pressure, systemic pulse pressure, E/Etdi ratio, left atrial diameter and lower values for E/A ratio were associated with a higher velocity. There was no significant correlation between left ventricular internal diastolic diameter and tricuspid regurgitation velocity (n=81, r=0.17, P=0.13). Figure 2 shows the relationships of phlebotomy history, hemoglobin, and serum concentrations of erythropoietin and ferritin with tricuspid regurgitation velocity. There were trends for associations of phlebotomy, higher erythropoietin and lower serum ferritin with higher tricuspid regurgitation velocity, but there was no relationship between hemoglobin and higher velocity. There were no significant relationships between biomarkers of inflammation or vasculogenesis with tricuspid regurgitation velocity.
Independent predictors of elevated tricuspid regurgitation velocity (Table 3)
In multiple linear regression analysis, only higher age (P=0.001), higher pulse pressure (P=0.0003) and lower serum ferritin concentration (P=0.009) were independent predictors of higher tricuspid regurgitation velocity (Table  3) . Although there was a significant negative correlation between serum concentrations of erythropoietin and ferritin (n=93, r=-0.31, P=0.003), the effect of ferritin could not be replaced by erythropoietin in this multiple linear regression analysis (P=0.16). According to this model, a decline in the serum ferritin concentration from 75 mg/L to 10 mg/L (representing a decrease of two natural logs) would be associated with a 0.14 m/sec increase in tricuspid regurgitation velocity if age and pulse pressure were constant. In these analyses, gender was not significantly related to tricuspid regurgitation velocity.
Pathway analysis of tricuspid regurgitation velocity in VHL R200W homozygotes
The results of the multiple linear regression analysis of tricuspid regurgitation velocity were confirmed in a pathway analysis (Figure 3) . In this analysis, older age (P<0.001) and higher pulse pressure (P<0.001) are directly associated with higher tricuspid regurgitation velocity, but higher serum ferritin (P=0.009) is directly associated with lower TRV. Older age is also directly associated with higher pulse pressure (P=0.021) and with a history of phlebotomy (P<0.001). In turn, history of phlebotomy is directly associated with lower serum ferritin (P=0.05).
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Discussion
This is the largest report of echocardiographic findings in subjects with Chuvash polycythemia, a unique homogenous population with congenital upregulation of hypoxia sensing. It is also the first report to include children and provide a more complete assessment of cardiovascular physiology by echocardiography. We confirmed previous findings based on smaller numbers of patients 3, 27 that Chuvash polycythemia is associated with lower systolic blood pressure and higher tricuspid regurgitation velocity than control subjects. We also found that, in contrast to previous reports, 3 the left atrial and left ventricular internal diastolic diameters were larger in patients with Chuvash polycythemia compared to controls. This is consistent with the known increase in blood volume associated with polycythemic states. However, the increase in tricuspid regurgitation velocity with Chuvash polycythemia persisted after adjusting by linear regression for the left ventricular internal diastolic diameter, the left atrial diameter or the hemoglobin concentration. Other important findings were that no significant differences in echocardiographic measurements of left ventricular systolic or diastolic function were observed.
Among the subjects with Chuvash polycythemia, we found that age, systemic pulse pressure, and reduced iron stores as reflected in lower serum ferritin were independent predictors of higher tricuspid regurgitation velocity. Systemic pulse pressure, which reflects systemic arterial stiffness, may also reflect pulmonary artery stiffness and has been associated with increased pulmonary pressure in a population study. 28 Our finding of an association between low serum ferritin and higher tricuspid regurgitation velocity represents the first clinical evidence of modulation of a congenital disorder of oxygen sensing by iron status.
Elevation of tricuspid regurgitation velocity by echocardiography is common in hemolytic hematologic disorders such as sickle cell anemia, thalassemia and paroxysmal nocturnal hemoglobinuria, [29] [30] [31] [32] [33] and potential contributing mechanisms include a hemolysis-induced vasculopathy, 34 volume overload, and diastolic dysfunction. 29, 35 In contrast to sickle cell disease, we found no evidence that subjects with Chuvash polycythemia had significant hemolysis or diastolic dysfunction. However, there was an inverse correlation between tricuspid regurgitation velocity and E/A ratio, suggesting a possible role of diastolic function. As noted above, the elevation in tricuspid regurgitation velocity in Chuvash polycythemia subjects persisted after adjustment for measurements reflecting volume overload.
PHDs are enzymes that require oxygen as a substrate and that serve to hydroxylate HIF-1α and HIF-2α on specific proline residues; this proline hydroxylation is required for the interaction of HIF-1α and HIF-2α with VHL. 12, 36 The VHL protein is the recognition component of an E3 ubiquitin-protein ligase complex that mediates proteasomal degradation of HIF-1α and HIF-2α under normoxic conditions. 37 Thus, HIF-1 and HIF-2 levels rise in response to hypoxia and this leads to increased expression of erythropoietin 38 and other hypoxia-induced genes. 36 We have postulated that increased levels of HIFs during normoxia and elevated concentrations of products of hypoxia-induced genes may play a role in the development of pulmonary vascular changes in subjects with Chuvash polycythemia. 3 In keeping with this possibility, pulmonary hypertension in a murine model of Chuvash polycythemia seems to be mediated by elevated HIF-2. 6 Likewise, high altitude dwellers of Tibet 39 and the Andes mountains, 40 continuously exposed to high altitude hypoxia, may develop pulmonary hypertension, and the pulmonary hypertension appears to be mediated by elevated HIF-1 and HIF-2 levels. 6, 41 Conversely, partial deficiency of HIF-2 expression protects against hypoxiainduced pulmonary hypertension in mice. 9 It has recently been suggested that inactivation of PHDs may promote the detrimental effects of augmented HIF-1 and HIF-2 levels.
13 PHDs (at least 3 isoforms with tissue specific expressions) are oxygen-and iron-dependent enzymes and their reduced activity inhibits the degradation of the alpha subunits of HIF-1 and HIF-2. 6, 12, 36, 41 Decreased PHD activity could result in increased levels of erythropoietin as well as other HIF-controlled genes, as suggested by the report of exacerbation of high altitude C.a. sable et al.
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haematologica | 2012; 97(2) pulmonary hypertension by desferrioxamine administration recently published by Smith and colleagues. 5 Similarly, in the Chuvash polycythemia subjects, iron deficiency would be predicted to inactivate PHDs leading to decreased degradation of HIF-1α and HIF-2α and further augmentation of the increased HIF activity that occurs due to the genetic loss of VHL function. 1, 12 Consistent with this model, in cultured cells, iron chelating drugs induce the alpha subunits of HIF, [42] [43] likely via PHD inhibition, and apparently overriding a possible confounding effect of iron in augmenting HIF-2α translation by inhibiting iron response proteins. 44 Although the use of tricuspid regurgitation velocity to assess right ventricular systolic pressure by echocardiography has been well validated, there are several pitfalls. The absence of a tricuspid regurgitation velocity signal does not exclude the patient from having an elevated pressure. 45 Additionally, if proper alignment cannot be obtained, a true tricuspid regurgitation velocity may be underestimated. Higher hemoglobin concentration may directly contribute to elevated pulmonary artery pressure in patients with chronic emphysema, 46 and it is conceivable that an expanded blood volume contributed to elevated estimated systolic pulmonary artery pressure in the patients with Chuvash polycythemia in this study. Higher hemoglobin and increased blood viscosity may result in fewer patients with measurable tricuspid regurgitation among VHL R200W homozygotes. However, the higher tricuspid regurgitation velocity in VHL R200W homozygotes compared to controls, and the relationship of lower ferritin with higher tricuspid regurgitation velocity persisted after adjusting for surrogates of volume expansion: hemoglobin concentration, left ventricular internal diastolic diameter and left atrial diameter.
It would be interesting to determine whether iron deficiency influences pulmonary artery pressure in patients with other types of polycythemia in whom pulmonary hypertension does not appear to be related to up-regulated hypoxia sensing. However, our study was limited to subjects with a VHL mutation. Smith et al. speculated that the cardiopulmonary abnormalities in Chuvash polycythemia result directly from dysregulation of the VHL pathway rather than from the hematologic manifestations of the disease, based on findings from 12 subjects with Chuvash polycythemia and 3 with other forms of polycythemia. 27 The independent association of elevated tricuspid regurgitation velocity with low serum ferritin concentration in the present study, along with the recently reported association of high altitude pulmonary hypertension with iron deficiency, 5 may have implications for the clinical management of polycythemic patients. In the present study, a history of phlebotomy was the primary predictor of iron deficiency as indicated by a low serum ferritin concentration. It is possible that the relative reduction of red cell mass and oxygen carrying capacity to "normal" from very high levels with phlebotomy therapy might also give rise to relatively lower oxygen delivery to tissue, inducing HIF-1 and HIF-2 compared to the polycythemic state. Thus, the findings of this study warrant reassessment of phlebotomy therapy in polycythemic patients, which induces iron deficiency. We propose that a longitudinal study of Chuvash polycythemia patients before and after phlebotomy should be carried out to further assess the effect of phlebotomy therapy on right ventricular systolic pressure. 
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